Background-Postsystolic shortening in ischemic myocardium has been proposed as a marker of tissue viability. Our objectives were to determine if postsystolic shortening represents active fiber shortening or passive recoil and if postsystolic shortening may be quantified by strain Doppler echocardiography (SDE). Methods and Results-In 15 anesthetized dogs, we measured left ventricular (LV) pressure, myocardial long-axis strains by SDE, and segment lengths by sonomicrometry before and during LAD stenosis and occlusion. Active contraction was defined as elevated LVP and stress during postsystolic shortening when compared with the fully relaxed ventricle at similar segment lengths. LAD stenosis decreased systolic shortening from 10.4Ϯ1.2% to 5.9Ϯ0.9% (PϽ0.05), whereas postsystolic shortening increased from 1.1Ϯ0.3% to 4.2Ϯ0.7% (PϽ0.05). In hypokinetic and akinetic segments, LV pressure-segment length and LV stress-segment length loop analysis indicated that postsystolic shortening was active. LAD occlusion resulted in dyskinesis, and postsystolic shortening increased additionally to 8.2Ϯ1.0% (PϽ0.05). After 3 to 5 minutes with LAD occlusion, the dyskinetic segment generated no active stress, and the postsystolic shortening was attributable to passive recoil. Elevation of afterload caused hypokinetic segments to become dyskinetic, and postsystolic shortening remained partly active. Postsystolic shortening by SDE correlated well with sonomicrometry (rϭ0.83, PϽ0.01). Conclusions-Postsystolic shortening is a relatively nonspecific feature of ischemic myocardium and may occur in dyskinetic segments by an entirely passive mechanism. However, in segments with systolic hypokinesis or akinesis, postsystolic shortening is a marker of actively contracting myocardium. SDE was able to quantify postsystolic shortening and might represent a clinical method for identifying actively contracting and hence viable myocardium. 
T he assessment of myocardial viability in patients with acute coronary syndrome is a major diagnostic challenge. It has been proposed that postsystolic (postejection) shortening may serve as a marker of actively contracting and therefore viable myocardium. 1, 2 In keeping with this, Gibson et al 3 observed in a clinical angiographic study that hypokinesis combined with delayed inward wall motion was associated with recovery of left ventricular (LV) function after thrombolysis. In a more recent clinical study, Hosokawa et al 4 claimed that postsystolic shortening as measured by angiography represents actively contracting myocardium. Implementation of this concept in clinical routine, however, requires a method that can quantify postsystolic shortening noninvasively. Measurement of myocardial strain by Doppler echocardiography (SDE) may represent such a method. [5] [6] [7] [8] [9] The objectives of the present experimental study were to determine if SDE can quantify postsystolic shortening and to examine the validity of the concept that postsystolic shortening is a marker of actively contracting myocardium, as opposed to being a nonspecific finding in ischemic myocardium. Classification of myocardial shortening as passive or active was done by assessment of regional myocardial work, calculated as the area of the myocardial pressure-segment length loop. In addition, we compared the elastic properties of the myocardium during postsystolic shortening with elastic properties in late diastole, when the myocardium is presumably fully relaxed. The rationale for the latter approach is that an active component will result in a stiffer myocardium than predicted by the pressure-dimension relationship of the fully relaxed myocardium. To account for the confounding effect of changes in LV geometry on the pressure-dimension analysis, we also calculated regional stress and constructed stress-segment length loops.
The influence of loading conditions on contractile patterns was studied by changing aortic pressure. The experiments were done in acutely anesthetized dogs.
Methods
Fifteen mongrel dogs of either sex and with body weight 20.7Ϯ1.2 kg were anesthetized, ventilated, and surgically prepared as previously described. 8 Pneumatic constrictors were positioned around the proximal part of the LAD and the ascending aorta. The dogs were placed in the left supine position during recordings. The National Animal Experimentation Board approved the study, and the laboratory animals were supplied by Avdeling for komparativ medisin, Rikshospitalet, the Netherlands.
Hemodynamic Measurements
Left atrial and LV pressures were measured by micromanometers and LAD flow by ultrasound transit time, as previously described, 10 and data were digitized at 200 Hz.
Sonomicrometry
In the anterior LV wall (LAD region), one pair of ultrasonic crystals was implanted in the inner third of the myocardium, aligned parallel with the LV long axis. Another pair was implanted in the same region with one crystal in the epicardium and the other in the subendocardium to measure wall thickness. A pair of longitudinal crystals was positioned in the inner third of the posterior LV wall (circumflex artery region). The crystals were connected to a sonomicrometer (Sonometrics). To define local radius of curvature in the LAD region, we placed 4 additional crystals in the subepicardium with the epicardial wall thickness crystal in the center. One pair was aligned parallel to and one pair at a 90-degree angle to the subendocardial pair, and each crystal had a distance of 6 to 10 mm to the center crystal.
Echocardiography
We used a System FiVe digital ultrasound machine (GE Vingmed Ultrasound) with a combined tissue imaging (3.5 MHz) and Doppler (2.75 MHz) transducer. The mean frame rate was 85 per second. To minimize noise, the pulse repetition frequency was set to 0.5 to 1 kHz. Recordings were done from apical and short-axis views, and we oriented the image planes through the regions in which crystals were positioned.
Calculations
Longitudinal peak systolic shortening by sonomicrometry was calculated in percentage of end-diastolic dimension. Postsystolic shortening was calculated as segment shortening after LV dP/dt min , in percentage of end-diastolic dimension.
Longitudinal shortening by SDE, evaluated as segmental strain, was calculated offline. Strain rate (SR) color-coded images were generated from tissue Doppler images (Figure 1 ) by calculating the velocity differences at positions 6 mm apart. From the strain rate data, segmental strain [eϭ(LϪL 0 /L 0 )] was estimated as eϭexp(͐SRdt)Ϫ1. 7, 8 For the purpose of this study, strain measurements were done only in the myocardial segment in which we had ultrasonic crystals.
To facilitate comparison between the methods, we report SDE and sonomicrometry data with similar terminology, ie, as systolic and postsystolic shortening. The areas of the LV pressure-segment length loops were calculated and were used as an index of regional segmental work.
Wall stresses were calculated by combining measurements of LV pressure, wall thickness, and radii of curvature with models for longitudinal wall stress and average wall stress . [11] [12] [13] The longitudinal and circumferential radii of curvature were calculated by fitting a circle to the 3 crystal positions in each direction. The positions of the crystals were calculated from all crystal-to-crystal distances. All values represent the mean of 3 consecutive heart cycles.
Experimental Protocol
After a 30-minute stabilization period, baseline recordings were performed. To avoid interference between sonomicrometry and Doppler, we first recorded pressures, ECG, and echocardiographic data during 10 seconds and then pressures, flow, ECG, and segment lengths during the subsequent 10 seconds. Data were recorded with the respirator off.
Myocardial Ischemia
In 10 dogs, LAD flow was reduced progressively until sonomicrometry showed marked hypokinesis. LAD flow was reduced by 47Ϯ6%. The hemodynamic variables were allowed to stabilize for 1 to 2 minutes before recordings were taken. Then the constrictor was deflated. After a recovery period, another set of baseline recordings were performed. In 7 dogs, LAD stenosis was reestablished, and hypokinesis was confirmed. During the LAD stenosis, we elevated LV afterload by instantly constricting the ascending aorta. After 10 seconds, the constrictor was deflated. After 30 minutes of reperfusion, which resulted in complete functional recovery, the LAD was occluded for 30 minutes. In a separate series of 5 dogs, the LAD stenosis was maintained for 30 minutes, and measurements were performed every 5 minutes.
Statistics
Values are expressed as meanϮSEM. For multiple comparisons, nonparametric 2-way ANOVA was performed. Paired data were analyzed with Wilcoxon matched-pair test. Shortening values obtained by the 2 methods were compared by regression analysis with a least-squares method, and the method of Bland-Altman. 14 PϽ0.05 was considered significant. 
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Results
LAD Stenosis
As demonstrated by Figure 1 , LAD stenosis resulted in a decrease in longitudinal systolic shortening and induced substantial postsystolic shortening. Similarly, in the shortaxis view, there was reduced systolic myocardial thickening and substantial postsystolic thickening. This pattern was observed with SDE as well as with sonomicrometry and persisted for the entire 30-minute period with ischemia ( Figure 2 ). In the rest of this report, we focus on long-axis measurements. Mean data are presented in Table 1 . When aortic constriction was superimposed on LAD stenosis, the pattern changed within 2 to 3 beats to systolic lengthening, and there was an additional increase in postsystolic shortening ( Figure 3 and Table 2 ).
LAD Occlusion
LAD occlusion caused systolic lengthening, and the associated postsystolic shortening was larger than during LAD stenosis ( Figure 3 , Table 1 ). As demonstrated in Figure 3 , the contractile pattern during combined LAD stenosis and aortic constriction resembles that during LAD occlusion. Figure 4 shows that the induction of LAD stenosis caused a marked decrease in the area of the LV pressure-segment length loop. However, the loop continued to rotate counterclockwise, indicating that the segment still performed active work. Note also that the LV pressure-segment length relationship during isovolumic relaxation (IVR) is shifted upwards relative to the late diastolic parts of the loop. The upward shift was 19.7Ϯ2.5 mm Hg at mid-IVR. During aortic constriction, when the segment was dyskinetic, the upward shift of the IVR segment persisted.
Pressure-Segment Length Loops and Regional Wall Stress
To investigate if the upward shift was present in segments with akinesia (pronounced hypokinesia), we selected 6 segments with systolic shortening ϽϮ3%. In these segments, there was an upward shift of 14.7Ϯ1.5 mm Hg, and the upward shift was present to similar extent regardless of whether there was slight systolic shortening (nϭ3) or slight systolic lengthening (nϭ3).
During LAD occlusion, the LV pressure-segment length loop rotated clockwise, resulting in a net negative loop area. However, after short-term ischemia (Ͻ3 minutes), the IVR portion of the pressure-segment length relationship was shifted upwards (by 14.0Ϯ2.4 mm Hg). After Ͼ5 minutes of occlusion, the upward shift was abolished, and after 30 minutes with coronary occlusion, there was even a slight downward shift of the IVR portion of the loop (Ϫ2.5Ϯ2.9 mm Hg).
In each of the experiments in which we calculated regional wall stress, the LV stress-segment length loops confirmed the results from the pressure-dimension analysis. Results were essentially similar for the longitudinal and average stress estimates ( Figure 5 ). 
Validation of SDE
Reproducibility of SDE
Randomly selected images from all types of interventions were analyzed by 2 observers, and the mean difference (ϮSD) between observers in peak systolic and postsystolic strain was 0.2Ϯ3.1% and Ϫ0.1Ϯ1.2%, indicating no significant systematic difference. The interobserver variability was Ϫ0.3Ϯ2.3% (meanϮSD) and Ϫ0.1Ϯ1.3%, respectively, and beat-to-beat variability in peak systolic and postsystolic strain was 0.6Ϯ2.5% and 1.9Ϯ1.9%.
Discussion
Postsystolic shortening has been observed in patients with acute myocardial infarction 3,4 and during ischemia induced by coronary balloon angioplasty. 9 In the present study, we reproduced these observations in a dog model of acute myocardial ischemia. Furthermore, we extend the findings of Urheim et al 8 by showing that SDE has the ability to measure myocardial contractile pattern and to quantify postsystolic shortening. Our experiments demonstrate that postsystolic contraction occurs during both moderate ischemia, when the myocardium is hypokinetic or akinetic, and during severe ischemia, when the myocardium is dyskinetic. This is consistent with previous studies in different animal models. [15] [16] [17] [18] As demonstrated in the present study, the relationship between regional myocardial deformation and severity of ischemia is not that clear. Whether an ischemic myocardial segment is hypokinetic or dyskinetic depends on the balance between the stress imposed on that segment and the sum of the active and passive stresses within the segment. This principle was illustrated by the responses to an acute elevation of afterload, which caused an immediate change from hypokinesis to dyskinesis. Because this change occurred instantly, it could not be attributed to aggravation of ischemia or reflex mechanisms but most likely was a pure mechanical effect of elevated afterload. Thus, when the imposed load exceeds the combined active and passive stresses, the ischemic segment behaves as a net passive structure. Therefore, the contractile patterns of ischemic myocardium are strongly influenced by loading conditions, and myocardium that generates active stress may become dyskinetic when afterload exceeds a critical level. For that reason, the finding of dyskinesis may not allow to rule out actively contracting myocardium.
Mechanism of Postsystolic Shortening in Dyskinetic Myocardium
Because a dyskinetic myocardial segment lengthens when LV pressure is rising and shortens when LV pressure is falling, it is dominantly passive. This is analogous to a spring that is stretched; it will shorten passively when the stretching force is removed. The finding of a negative area of the pressuresegment length loop confirms that the segment is net passive, and the loop area reflects work that is performed on that segment by other myocardial segments. The fact that a passive pressure-segment length loop rotates clockwise instead of moving up and down a straight line is attributable to viscoelastic properties of myocardial tissue, and the area of the loop reflects the mechanical energy that is lost because of viscous friction. However, this reasoning does not exclude that a smaller component of active contraction contributes to postsystolic shortening in a dominantly passive segment. The most direct evidence of an active component would be the demonstration of increased myocardial stiffness during postsystolic shortening compared with the stiffness of the fully relaxed myocardium. In the present study, we used regional pressure-segment length relationships and stress-segment length relationships to assess regional myocardial stiffness.
After 1 to 2 minutes of LAD occlusion, the ischemic segment demonstrated net passive motion. However, the pressure-segment length loop indicated a significant contribution from active contraction to postsystolic shortening. The active component was evident as an upward shift of the pressure-segment length loop during postsystolic shortening compared with the late diastolic portion of the same loop. This upward shift implies that a larger pressure is needed to distend the segment during postsystolic shortening than predicted by the passive pressure-segment length relation. This in turn implies that there must be a component of active stress superimposed on the passive stress that results from stretching of the segment in the preceding systole.
One important objection to this reasoning is that abnormal wall thickness, geometry, or effects attributable to tethering to neighboring segments could make pressure an imperfect substitute for stress. To respond to this potential objection, we calculated regional wall stress from simultaneous measurements of pressure, wall thickness, and local myocardial radii of curvature. It was not entirely clear which model best approximates regional wall stress, and we therefore calculated stress using two different approaches. In this model of hyperacute severe ischemia, the stress-segment length analysis using both stress estimates confirmed the pressuresegment length data. Therefore, in dyskinetic myocardium resulting from short-term ischemia, postsystolic shortening was attributable to a combination of active fiber shortening and passive recoil. However, after Ͼ3 to 5 minutes of severe ischemia, the pressure-segment length relationship during postsystolic shortening was shifted rightwards and downwards relative to the late-diastolic segment of the same loop. This implies that less pressure was required to distend the myocardium during postsystolic shortening than in late diastole and is consistent with viscoelastic behavior of an entirely passive segment. Similar findings were done with the stresssegment length analysis. These findings exclude any significant active component to wall stress during postsystolic shortening with LAD occlusion for Ͼ3 to 5 minutes.
Mechanism of Postsystolic Shortening in Myocardium With Systolic Hypokinesia or Akinesia
Hypokinetic myocardium demonstrated a characteristic biphasic pattern with shortening during early and mid-systole, lengthening in late systole, and then postsystolic shortening. Because the myocardium was shortening during systole, while LV pressure was rising, there was obviously active contraction. The postsystolic shortening, however, occurred while LV pressure was falling, and therefore additional analysis was required to differentiate between passive recoil and active contraction. During postsystolic shortening, the regional LV pressure-segment length and stress-segment length relationships were shifted markedly upwards relatively to the fully relaxed segment, strongly supporting a substantial contribution from active contraction. The late systolic myocardial lengthening indicates that the postsystolic shortening was in part attributable to passive recoil. A similar pattern with late systolic lengthening has been observed in papillary muscle preparations exposed to hypoxemia. 19 Similarly, in myocardium with systolic akinesia, the pressure-segment length loop analysis indicated an active stress component that contributed to postsystolic shortening. The following qualitative approach is consistent with these inter- pretations: A segment that does not deform during the substantial rise in LV pressure during isovolumic contraction, but shortens markedly when pressure is falling during isovolumic relaxation, is not likely to be passive. A passive myocardial segment should distend as much when pressure is rising during isovolumic contraction as when pressure is falling by a similar magnitude during isovolumic relaxation. Therefore, a segment that demonstrates both systolic akinesia and postsystolic shortening is likely to be actively contracting and therefore viable.
Limitations
The present animal model was heavily instrumented, and this may have influenced measurements and responses to interventions. However, we were able to reproduce the clinical observation of postsystolic shortening in ischemic myocardium. Therefore, we believe the present model is valid for studying mechanisms of postsystolic shortening during acute myocardial ischemia. The present study was limited to acute changes in myocardial function, and the duration of ischemia was no more than 30 minutes. This limitation implies that we studied myocardium that was predominantly viable. In a clinical setting it is essential to know how contractile patterns develop over much longer periods of time and to determine the relationship between contractile patterns and recovery of function after reperfusion.
Individual variability in coronary artery collateral flow is a general problem with dog models of ischemia. In the present study, however, we reduced this problem by standardizing the mechanical response to ischemia by reducing coronary artery flow as much as we needed to get marked hypokinesis.
An important limitation of SDE is marked angle dependency, which makes it very sensitive to malalignment between the principle direction of myocardial shortening and the Doppler beam. This problem was easily taken care of in the present open chest animal preparation but may be more complicated in a clinical intensive care setting. Furthermore, when applied clinically, the strain images may be quite noisy because of suboptimal image quality. This problem could hopefully be reduced by improvements in filtering and signal-averaging algorithms.
Conclusion
The present study demonstrates that postsystolic shortening is an important feature of ischemic myocardium, and when associated with systolic hypokinesis or akinesis, it indicates actively contracting and, therefore, potentially viable myocardium. When combined with dyskinesis, however, postsystolic shortening seems to be a nonspecific marker of severe ischemia. Strain Doppler echocardiography has the ability to quantify contractile function in ischemic myocardium, and clinical studies should be done to determine if this approach might be useful in patients with acute myocardial infarction. 
